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V I I . — T h e I N T E R N A L C O N D I T I O N of the E A R T H ; as to T E M P E R A T U R E , 

F L U I D I T Y , and E I G I D I T Y . By S I R W I L L I A M T H O M S O N , 

L L . D . , F . R . S . , &c , Professor of N a t u r a l Phi losophy in t h e 
U n i v e r s i t y of Glasgow, President . 

[Read 14th February, 1S78.] 

O N previous occasions I have referred to t h e var ious a rguments 
t h a t have been adduced wi th reference to t h e inter ior condit ion of 
t h e ear th , a n d to t h e different grounds on which i t m a y be con
cluded t ha t , instead of being a liquid mass enclosed by a m e r e t h i n 
shell of solid material , the ear th must be, on t h e whole, solid. 

T h a t there is some liquid within t h e ea r th is no t to be denied. 
Immed ia t e ly before lava breaks forth in the eruption of a volcano 
there is l iquid i n t h e in te r ior ; and, from the phenomenon of volcanic 
eruptions, we know tha t there is sometimes, and may be always, some 
l iquid in t h e ear th 's interior. H o w much liquid the re may b e — 
how much i t is necessary to assume in order to account for t h e 
k n o w n phenomena of volcanic erupt ions—cannot be est imated w i t h 
any degree of definiteness; b u t I hope to be able to p u t before 
you, t h i s evening, a rguments which will convince you t h a t w e 
cannot admi t t h a t there is any great liquid ocean under t h e ear th ' s 
surface, and t h a t we are forced to look to local causes for t h e 
explanat ion of volcanic eruptions. 

T h e ma in reason given for supposing the interior of t h e ea r th t o 
be fluid is not, however, t h e existence of volcanic phenomena. 

r ivers, t h e conditions favourable to the growth and cont inuance 
of t h e organisms which bui l t up the limestone s t ra ta being thereby 
destroyed. W e apparent ly have no thick limestones in our mar ine 
series, which have been formed exclusively from the growth of 
foraminiferal organisms like tha t of some other countries, or which 
can be regarded as a very deep-sea deposit, l ike t h a t forming over 
the floor of the At lan t i c and Pacific sea-bottoms a t the present 
day. Looking a t the whole group of organisms found in our 
l imestones, in connection with the several coal seams and o ther 
vary ing sedimentary s t rata , t h e conclusion is forced upon us t h a t 
t hey were formed over comparatively shallow t racts of t h e sea-
bottom, which dur ing th is period suffered numerous upheavals and 
depressions, as is clearly testified by the vary ing n a t u r e of t h e 
s t ra ta . 

11, 2015
 at Yale University on Julyhttp://trngl.lyellcollection.org/Downloaded from 

http://trngl.lyellcollection.org/


SIR WM. THOMSON—INTERNAL CONDITION OF THE EARTH. 39 

From considerations regarding underground temperature, many 
geologists have been led to hold as a geological truth that the 
interior of the earth is molten throughout. 

The evidences of a high internal temperature are well known. 
It is found by observation that, passing downwards from the 
surface, we meet first with a thin stratum in which variations 
of temperature, due to the conduction inward of summer heat and 
winter cold, are perceptible. This stratum is on the average about 
10 metres thick. Its thickness, however, is different in different 
localities. It depends on the thermal conductivity of the rocks 
composing it. At greater depths than about 10 metres the effect 
of the variations of external temperature with day and night and 
with the seasons is not sensible. As we go down lower and lower 
we find that the temperature of the strata increases steadily. 
Speaking roughly, we find that, on the average, the increase of 
underground temperature in ordinary localities is about 1° C. per 
30 metres of descent, or about ] ° F. per 50 feet. 

There are localities, such as Kreuznach in Rhenish Prussia, in 
which the rate of increase of underground temperature, as we pro
ceed downwards, is much greater than this. These are places, no 
doubt, where disturbances, in the way of great outbursts of lava, 
have recently taken place; and I may suggest, that careful 
observation of the rate of increase of underground temperature, 
in places where the date is known of a recent disturbance, would 
be of great importance, and would give us the means of inferring 
something regarding the geological history of places where an 
extraordinary rate of increase is observed. It is not, however, my 
purpose, at present, to enter into any speculation regarding 
geological dates in cases such as these, but rather to put before 
you considerations with respect to underground temperatures in 
general, which in the first place seem to indicate internal fluidity, 
but which, when further studied, do not really lead us to any such 
conclusion, but rather lead us to suspend our judgment, and to look 
in other directions for evidences of the internal condition of the 
earth as to whether it is fluid or solid. 

From the observed increase of temperature downwards below 
ground in all localities, we must conclude that the earth had, at 
some time more or less remote, its whole surface at some very high 
temperature. It may have been red-hot and solid all round; but it is 
far more probable that the surface, at least, was molten all over; and 
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it is quite likely that the hypothesis more commonly held—namely, 
that it was molten throughout—is true. The most probable hypo
thesis that has been given for the early history of the earth is, that 
it was built up by the falling in of meteoric matter, and that the 
matter falling in with great velocity, acquired through gravitation, 
became heated by collision. If this hypothesis is true, the heat 
caused by the collisions, after the earth had grown to be anything 
approaching to its present size, would be far more than sufficient 
to melt the material falling in. 

Let us now consider a liquid globe, and suppose it to cool as does 
lava. The result of the cooling is that as soon as any portion of 
the matter reaches a temperature below the melting point, it 
freezes and becomes solid. Instead of molten lava, it becomes 
solid rock. And now comes the great question—will the solid 
rock thus formed sink or float? I wish this question could be 
answered. We have at present very little information on the 
subject—hone of a definite kind, so far as I know, except that 
given us by the experiments of Bischoff.* BischofF, experimenting 
on trachite, granite, and basalt, found the solids in these three 
cases about 10 per cent, denser than the liquids. 

This is a subject on which we ought to have better information, 
and I do think that physicists are at fault for not having given 
information regarding it to geologists. Speaking, on the other 
hand, in the capacity in which you do me the honour to place me, 
we, the geologists, are at fault for not having demanded of the 
physicists experiments on this subject. This time last year I 
urged that some one should take up the subject. I now renew 
the suggestion. We have a great Government fund for scientific 
inquiry. Why do not physicists and geologists unite in an inquiry 
like this, and apply for assistance out of the Government grant 
fund? They should then repeat BischofFs experiments and test 
his results, but on a far larger scale, and extend the investigation 
to many materials besides those he used. 

In the meantime, the only experimental evidence we have is to 

* Since this Address was delivered, some important experiments have been 
carried out at the request of Dr. Henry Muirhead, by Mr. Joseph Whitley, 
of Leeds. His experiments were made on iron, copper, and brass, and on 
whinstone and granite, and the general result, hitherto arrived at, seems to 
be that these substances are less dense in the solid than in the liquid state 
at the melting temperature. 
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the effect t h a t t h e melted rock is of less specific gravi ty t h a n t h e 
solid rock, and t h a t t h e solid rock would therefore s ink down 
when frozen. W i t h o u t insisting on th is as being proved, I shall 
j u s t call your a t ten t ion to wha t would be the probable h is tory of 
t he solidification of a molten globe if th i s were the case. A s 
soon as t h e surface began to freeze, and to freeze i n sufficient 
quan t i ty no t to be floated up by mere superficial solidified foam, 
the mass of rock would fall down towards the centre. More 
would t hen solidify a t the surface. This also would fall down, 
and the same th ing would go on again and again. Gradual ly a 
sort of honey-combed solid would be formed. By-and-bye a 
skeleton or frame-work th rough the whole would m o u n t u p t o a n 
ex ten t suflicient to build u p piers, as i t were, t o the surface, and 
t h e spaces be tween these piers when close enough would, in the 
continued freezing of t he lava, be bridged across by solid rock 
th ick enough in proport ion to breadth not to b reak down and 
sink. There would, again, be breaking away of t he piers and 
upheavals of t he l iquid mater ial below; b u t by degrees t he honey
combed mass would become nearly l ike a solid th roughout wi th 
comparatively small interstices of liquid lava. This is in p a r t t he 
view of Hopk ins . On account of a rguments d rawn from t h e 
phenomena of precession and nuta t ion he was led to regard the 
ea r th as rigid on t h e whole ; and, looking to t he exist ing evidence 
as t o geological phenomena, he was led to hold a view of t h e 
probable his tory of the ea r th agreeing wi th t h a t which I have 
sketched, a t al l events so far as i t would lead t o t h e supposed 
present honey-combed condition. 

H o p k i n s considered other very impor t an t questions, and among 
these was t h e quest ion of the influence, on thei r condit ion as to 
solidity and fluidity, of t h e great pressure to which the inter ior 
pa r t s of t h e globe are subjected. H e made exper iments as to 
t h e influence of pressure on the mel t ing points of some fusible 
substances, t hough he was no t able to extend them so far as to 
tes t t h e effect of pressure in a l ter ing t h e mel t ing poin t of rock 
materials . 

W i t h o u t m a k i n g direct experiments, however, as to the influence 
of pressure on the mel t ing point of rocks, we ai*e able to infer b y 
thermo-dynamic reasoning wha t mus t be the effect of pressure on t h e 
t empera tu re of fusion, if we know whether rocks expand or contrac t 
in t h e ac t of solidifying. My brother, Professor J a m e s Thomson, 
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has pointed out that it is a necessary consequence of thermo
dynamic laws that the temperature of the melting points of sub
stances which expand in solidifying should be raised by the 
application of pressure, while the opposite would be the case with 
substances which contract in becoming solid. Water, for instance, 
expands when it freezes: and he calculated the amount by which 
the freezing-point of water ought to be lowered by the application 
of an additional atmosphere of pressure. He found it to be about 

of a degree Fahrenheit; and his theoretical result was after
wards verified by experiments made in the incipient Physical 
Laboratory in the old buildings of the University of Glasgow. 
Now, if the result announced by Bischoff, that the rocks he 
examined contract during solidification, be correct, it would follow 
as a consequence of thermo-dynamic laws that these substances 
melt at a higher temperature under high pressure than that at 
which they melt under low pressure. The conclusion to be drawn 
respecting the internal condition of the earth is, that we are not to 
infer liquidity of the interior, even if we should find evidence of a 
much higher internal temperature than that which would melt the 
rocks under ordinary pressure. 

The view which I wish to put before you just now, however, is 
of a very different nature. I mean to deny altogether the intensely 
high temperature which Hopkins accepted, and the liquifying 
effect of which he endeavoured to obviate by introducing considera
tions regarding the solidity of the rocks, in consequence of intense 
pressure, even at very high temperature. It is too generally 
supposed that the rate of increase of underground temperature as 
we proceed inwards is uniform, or nearly so, and that as we 
penetrate mile after mile we should still find the temperature 
increasing with equable rapidity. Thus, if we take metrical measure
ment and the Centigrade scale of thermometry, we find an increase 
in temperature as we go downward of 1° C. per 30 metres of 
descent. This, if we suppose the rate of augmentation of tempera
ture uniform, would give 1000 degrees at 30,000 metres, and 3333 
degrees at a depth of 100 kilometres. One hundred kilometres 
is about 60 statute miles; and thus at 60 miles below the surface 
we should have a temperature of about 3000 degrees Centigrade. 
This is a temperature far higher than would be required to melt any 
of the ordinary rock materials at ordinary pressure. But what I 
want to ask now is, " What reason have we for supposing that, as 
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we proceed farther and farther in, the temperature does go on 
increasing at this rate?" The only answer given is, that no falling 
off in the rate of increase of underground temperature has been 
found at the greatest depth to which observation has reached, and 
therefore none is to be expected at greater depths, at all events so 
far as 50 or 100 miles down. 

" Now I have to remark upon this argument that the greatest 
" depth to which we have reached in observations of underground 
" temperature is scarcely one kilometre; and that if a 10 per 
" cent, diminution of the rate of augmentation of underground 
" temperature downwards were found at a depth of one kilometre, 
" this would demonstrate* that within the last 100,000 years the 
" upper surface of the earth must have been at a higher tempera-
" ture than that now found at the depth of one kilometre. Such 
" a result is no doubt to be foimd by observation in places which 
" have been overflown by lava in the memory of man or a few 
" thousand years further back; but if, without going deeper than 
" a kilometre, a 10 per cent, diminution of the rate of increase of 
" temperature downwards were found for the whole earth, it would 
" limit the whole of geological history to within 100,000 years, or, 
" at all events, would interpose an absolute barrier against the 
" continuous descent of life on the earth from earlier periods than 
" 100,000 years ago. Therefore, although search in particular 
" localities for a diminution of the rate of augmentation of under-
u ground temperature in depths of less than a kilometre may be 
" of intense interest, as helping us to fix the dates of extinct 
" volcanic actions which have taken place within 100,000 years or 
" so, we know enough from thoroughly sure geological evidence 
" not to expect to find it, except in particular localities, and to 
" feel quite sure that we shall not find it under any considerable 
u portion of the earth's surface. If we admit as possible any such 
u discontinuity wifchin 900,000 years, we might be prepared to find 
" a sensible diminution of the rate at three kilometres depth; but 
" not at anything less than 30 kilometres, if geologists validly 
" claim as much as 90,000,000 of years for the length of the time 

* For proof of this and foUowing statements regarding underground heat, 
I refer to "Secular Cooling of the Earth," Transactions of tJie Royal Society 
of Edinburgh, 1862; and Thomson and Tait's Natural Philosophy, Appen
dix D. 
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" with which their science is concerned. Now this implies a 
" temperature of 1000° Cent, at the depth of 30 kilometres, allows 
" something less than 2000° for the temperature at 60 kilometres, 
" and does not require much more than 4000° Cent, at any depth 
" however great, but does require at the great depths a tempera-
" ture of, at all events, not less than about 4000° Cent. It would 
" not take much ' hurrying up' of the actions with which they 
" are concerned to satisfy geologists with the more moderate 
" estimate of 50,000,000 of years. This would imply at least 
" about 3000° Cent, for the limiting temperature at great depths. 
" If the actual substance of the earth, whatever it may be, rocky 
" or metallic, at depths of from 60 to 100 kilometres, under the 
" pressure actually there experienced by it, can be solid at temper-
" atures of from 3000° to 4000°, then we may hold the former 
" estimate (90,000,000) to be as probable as the latter (50,000,000), 
" so far as evidence from underground temperature can guide us. 
" If 4000° would melt the earth's substance at a depth of 10 
" kilometres, we must reject the former estimate though we might 
" still admit the latter; if 3000° would melt the substance at a 
" depth of 60 kilometres, we should be compelled to conclude that 
" 50,000,000 of years is an over-estimate. Whatever may be its 
" age, we may be quite sure the earth is solid in its interior; not, 
" I admit, throughout its whole volume, for there certainly are 
" spaces in volcanic regions occupied by liquid lava; but whatever 
" portion of the whole mass is liquid, whether the waters of the 
" ocean or melted matter in the interior, these portions are small 
" in comparison with the whole; and we must utterly reject any 
" geological hypothesis which, whether for explaining underground 
" heat or ancient upheavals and subsidences of the solid crust, or 
" earthquakes, or existing volcanoes, assumes the solid earth to be 
" a shell of 30, or 100, or 500, or 1000 kilometres thickness, 
" resting on an interior liquid mass." * 

The state of the case then is, that we have no reason from any
thing that has been observed, or that could have been observed, at 
depths to which we have already penetrated, for concluding that 
the rate of increase of underground temperature, observed at small 
depths beneath the surface, continues uniformly as we proceed 

* Quotation from the opening Address by Sir W. Thomson, as President 
of Section A, British Association, Glasgow Meeting, 1876, 
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i nwards ; and that any argument for intensely high temperature 
wi th in , based on the assumption that the rate of increase does 
exist undiminished at considerable depths, falls to the ground. 

T h e accompanying diagrams, drawn to scale (Natural 
Philosophy, Thomson and Ta i t , V o l . L , A p p e n d i x D ) show the 
rate of augmentation, and the augmentation, of underground 
temperature as we proceed downwards, on the assumption 
that the true rate of augmentation of temperature, after the 
superficial layer affected by summer heat and winter cold has 
been passed, is 1° F a h , per 51 feet at the beginning, and that the 
diminut ion in rate of augmentation of temperature is 1 0 per cent, 
per 30 kilometres, or 100,000 feet. F i g . 1 shows the rate o f 
augmentation of temperature as we proceed downward. Distances 
measured in the direction O X are depths below the surface, the 
uni t length being 400,000 feet. Thus the position o f the point 
P ' in the diagram represents the state as to rate o f augmentation 
of temperature at about *7 of 400,000 feet, or 57,000 feet, below 
the surface. Ordinates measured outward on the diagram from the 
line O X represent rate of augmentation of underground temper
ature, the length O A being 1° F . per 51 feet. Thus at P ' the 
rate of augmentat ion is between six and seven tenths of 1° F . per 
51 feet, and you must notice how rapidly the fall ing away takes 
place. A t R , which is about 600,000 feet below the surface, 
the rate of augmentation is only one-tenth of a degree per 51 feet, 
and at the point S, less than 1,000,000 feet below the surface, i t is 
sensibly zero. Beyond this point underground temperature does 
not sensibly increase. 

F i g . 2 shows the excess of temperature above the surface temper
ature at various depths, assuming the rate of augmentat ion o f 
temperature used in fig. 1. T h e depths are measured along O X , 
and the temperature at each depth is measured outward f rom the 
line O X to the curve. T h e length O A represents 7900° F . T h u s 
y o u wi l l see that the temperature at P ' , 600,000 feet below the 
surface, is not so much as three times as high as the temperature 
at P , which is 100,000 feet below the surface, while at S , less than 
1,000,000 feet below the surface, a m a x i m u m temperature o f 
7000° F . is reached. 

N o w , I do not presume to fix wi th in any limits, even of rough 
approximat ion, what the greatest temperature reached in going 
downward m a y be. I t may be 4000° F . , or 5000°. I t may possibly 
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I. Curve showing Kate of Augmentation of Temperature downwards. 
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II. Curve showing Excess of Temperature above Surface Temperature, assuming 
the rate of augmentation of temperature indicated in Curve I. 
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be 8000° or 10,000°; but there is a vast difference between five or 
ten thousand degrees and the one hundred thousand or million 
degrees, which we frequently find in geological disquisitions, and 
against which we do not find sufficient argument, or any argument 
at all, so far as I am aware, in any regular geological teachings, or 
]>ublished papers or books. 

It appears, then, from the considerations that I have brought 
before you, that we must give up the argument derived from the 
phenomena of underground temperature as to the internal fluidity 
of the earth. They show that the earth's interior is at a high 
temperature, but not at any temperature so high as to make 
general rigidity of the earth's interior impossible or improbable. 
This being the state of the case, we are forced to look to 
arguments drawn from other sources to decide the question as 
to solidity or fluidity,—arguments such as are supplied to us 
from the phenomena of precession and nutation of the earth 
and from the phenomena of the tides. These arguments 
have been discussed in detail in a paper on the Rigidity of the 
Earth,* and in Thomson and Tait's Natural Philosophy, Vol. I.; 
and more recently in my Address to the Mathematical Section of 
the British Association at its meeting in Glasgow. The arguments 
derived from the phenomena of precession and nutation present 
considerable difficulties, and indeed do not afford us at the present 
time a decisive answer. The phenomena of the tides, however, 
lead us to no uncertain conclusion. Suppose the earth to consist 
of a thin shell or crust enclosing, or floating on, a vast interior of 
molten matter. The liquid interior would tend to yield freely to 
the tide generating influence of the sun and moon. The con
sequence would be that the exterior crust would be acted on by 
forces which, unless it were of preternaturally rigid material (I 
shall give you numbers directly), it would be unable to resist. 
The crust would then be subject to upheavals and depressions 
taking place in time with the revolutions of the sun and moon. 
If the crust yielded perfectly, there would be no tides of the sea, 
no rising and falling relatively to the land, at all. The water would 
go up and down with the land, and there would be no relative 
movement ; and in proportion as the crust is less or more rigid the 
tides would be more or less diminished in magnitude. Now we 

* "-On the Rigidity of the Earth." W . Thomson, Trans. E.S., May, 1862. 
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cannot consider the earth to be absolutely rigid and unyielding. 
No material that we know of is so. But I find from calculation* 
that were the earth as a whole not more rigid than a similar globe 
of steel the relative rise and fall of the water in the tides would 
be only ^ of that which it would be were the rigidity perfect; 
while, if the rigidity were no greater than that of a globe of glass, 
the relative rise and fall would be only -| of that on a perfectly 
rigid globe. 

" Imperfect as the comparison between theory and observation 
"as to the actual height of the tides has been hitherto, it is scarcely 
" possible to believe that the height is only two-fifths of what it 
" would be if, as has been universally assumed in tidal theories, the 
"earth was perfectly rigid. It seems, therefore, neai-ly certain, 
" with no other evidence than is afforded by the tides, that the tidal 
" effective rigidity of the earth must be greater than that of glass." 
This is the result taking the earth as a globe uniformly rigid 
throughout. That a crust fifty or a hundred miles thick could 
possess such preternatural rigidity as to give to the mass, part solid 
and part liquid, a rigidity, as a whole, equal to that of glass or steel 
is incredible; and we are forced to the conclusion that the earth is 
not a mere thin shell filled with fluid, but is on the whole or in 
great part solid. 

VIII.—On the D I S C O V E R Y of W H A L E R E M A I N S in the C L A Y S of the 

C A R S E ( / S T I R L I N G . By J A M E S F, S T E W A R T . 

[Read 1st November, 1877.) 

O N the farm of Woodyet, on the estate of Meiklewood, about a 
mile to the east of Gargunnock, one of the stations of the Forth 
and Clyde Railway, there existed for a lengthened period a brick 
and tile work, which has, however, been disused for a good many 
years. This work was situated in a field about a couple of hundred 
yards to the north of the turnpike road, which is 38 feet above sea 
level, north of and close to the railway, and on the outer bank 
of a curve of the Forth. In this district the windings of the 
river are so numerous and extensive that it may be said to 
run to all points of the compass. To a depth of about four feet 
the clay was fit for use, but below that it became so soft as to be 

* Thomson and Tait, Natural Philosophy, Vol. I., § 842, 

P 
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